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Abstract 

We predict several new bound states and resonances for Bit, BK, and BD S-wave elastic 
scattering, within the same model which was recently employed to explain the -D*j(2317) + 
meson. In the charm-nonstrange sector we find a (virtual ?) bound state close to the Bn 
threshold, and moreover two nearby resonances of comparable width in the range 5.9 to 6.1 
GeV. We obtain bound states U* (5570) in bs and -B* (6490) in be, as well as resonances at 
higher energies. No J p = + states are found at 5.6 GeV (in bu/d), at 5.7 GeV (in bs), or 
at 6.1 GeV (in be), where they are predicted from pure confinement. 

1 Introduction 

On studying the vast amount of literature PJE] dealing with the phenomena observed in S"-wave 
meson-meson scattering, one may wonder whether the question "What is a resonance?" has any 
answer at all. Different theoretical considerations even come to opposite conclusions [HJIUElinilll 
for the same phenomenon. 

One reason for the difficulty to unambiguously explain meson-meson-scattering phenomena, 
may stem from the following. In atomic physics, the perturbative approach towards electromag- 
netic (EM) transitions is justified, since the EM binding forces are apparently more decisive for 
the energy-level splittings than photon radiation. We may thus predict the radiation frequencies 
for atomic transitions to a good accuracy, by just determining the atomic levels of the binding 
forces. Atomic states have lifetimes which are large as compared with the internal EM frequen- 
cies. Hence, electrons complete many revolutions about the nucleus before the system decays. 
Such systems can be considered stable, like planetary ones. We may, therefore, determine the 
masses of excited atoms, without making a drastic approximation, just from the EM bound-state 
spectrum, which procedure is only correct for stable systems. The wave functions for very unsta- 
ble systems have to be determined by different methods. Most probably, they can be expressed 
as linear combinations of the bound-state solutions, in which case not just one, but all excitations 
contribute to the transition amplitude. 

In Table we express the stability of quark-antiquark systems by estimating the number of 
complete cycles of the system before decay. For the internal frequency of qq systems, we take 
the universal frequency u of the Nijmegen model (see Table |2J). We read from Tabled that pions 
and Kaons are very stable, whereas the eta mesons are reasonably stable. However, strongly 
decaying mesons are very unstable. 

For example, we are convinced that the structure observed at energies below 1 GeV in P-wave 
7T7T scattering, is caused by a quark-antiquark state, the p meson, with a mass of about 770 MeV. 
But if the p resonance stems from a state described by a quark confined to an antiquark, then 
that state is far from stable. With a size of approximately 1 fm, its internal frequency must be 
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Table 1: The ratios of internal frequency and width, u/T, for some stable and less stable mesons. 



meson 


width (r) 


periods (uj/T) 




2.53 xl(T 8 eV 


7.5 xlO 15 


7T° 


7.84 eV 


2.4 xlO 7 




5.32 xKT 8 eV 


3.6 xlO 15 


K L 


1.27 xKT 8 eV 


1.5 xlO 16 


K s 


7.37 xl0~ 6 eV 


2.6 xlO 13 


77(547) 


1.2 keV 


1.6 xlO 5 


cu(782) 


8.4 MeV 


22.5 


p(770) 


149 MeV 


1.3 


if* (892) 


51 MeV 


3.7 


r/'(958) 


0.20 MeV 


941 



some 200 MeV. However, the lifetime of the qq state is of the same order of magnitude, indicated 
by its width of 150 MeV. Consequently, the qq system associated with the p resonance barely 
completes ONE complete revolution during its existence. We may thus wonder whether it makes 
sense to refer to such a phenomenon as a state, or even a particle, while we just concluded that 
it does not really exist. 

Resonances in scattering are somehow supposed to stem from an underlying spectrum of 
bound states which are broken up by a weaker interaction. Such a philosophy could in principle 
work very well for the stable mesons tt and K, since their formation is associated with strong 
interactions, whereas their decays are due to electro-weak processes. Nevertheless, strong decay 
can have dramatic effects even for the masses of pions and Kaons ^j. Once these effects are 
fully included in the internal dynamics of pions and Kaons, we may indeed handle electro-weak 
processes perturbatively [TUj . 

In atomic systems the mechanism for binding is the same as the mechanism for transitions, 
namely electromagnetism. Nevertheless, since the fine-structure constant a is small, and transi- 
tions are of higher order in a than the binding forces, one may still approximate EM transitions 
of atoms by the Born term in a perturbative approach. However, the strong binding force of 
quarks is of comparable order of magnitude as the strong forces that cause hadronic decay. Con- 
sequently, in order to analyse hadronic scattering data, one must treat both aspects of strong 
interactions at least on the same footing, maybe even attributing more importance to strong 
decay. 

The consequences of such a combined approach are, for the time being, still to be studied in 
effective models, which, however primitive they are and no matter what details need be addressed 
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in the future, have already indicated two maior properties of hadronic resonances: 

1. Upon assuming an underlying spectrum of bare mesonic states with qq degrees of freedom 
only, resonances in meson-meson scattering come out at energies which are very different from 
the energy levels of the underlying confinement spectrum. This has been confirmed by he Cornell 
group, focusing on heavy mesonic resonances of the charmonium and beautonium systems [TT|IT2"] . 
the Nijmegen group, describing, in principle, all mesonic resonances P1IT3] . and the Lisbon group, 
in the framework of a chiral quark model ^3] . All report mass shifts, due to coupled channels, of 
up to several hundred MeV, which is comparable in magnitude to the level splittings of hadronic 
resonances. 

2. In experiment, more resonances may be observed than just those stemming from the 
assumed underlying confinement spectrum. The Nijmegen Model predicts several mesonic reso- 
nances [3] and even rather stable states ^3] which do have a different origin than the majority 
of mesonic resonances. 
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2 Resonances 



Although resonances have not yet been well defined by us, we turn in this section to the issue 
of their description. Let us first discuss atomic transitions. When a photon passes through 
a container filled with a gas of non-excited atoms, then it can be absorbed once its frequency 
matches some allowed transition from the ground state to an excited state of the atom's specrum. 
Ideally, the absorption of photons is measured as a bell-shaped fluctuation of the light beam's 
intensity, when the light frequency is continuously varied. The reason why a Breit-Wigner (BW) 
form rather accurately fits the shape of this intensity fluctuation is that the Born term of the 
interaction dominates the process, and moreover, the excited state is relatively stable. Measured 
over a larger frequency interval, the absorption curve for photons can be described by a sum of 
BW-type contributions, each one corresponding to a specific excited state of the atom and its 
respective life time. 

Were the fine-structure constant a not small, then not only higher-order terms in a would 
significantly contribute, but also would the photon noticeably couple to all higher excitations. 
Hence, the form of the scattering amplitude would then certainly not coincide with BW approx- 
imations about each peak of the absorption curve. As a consequence, summing up BW-type 
amplitudes is not justified for strong interactions. This can easily be demonstrated with a simple 
model. 

In Fig. Q we display the cross section for harmonic-oscillator confinement coupled to meson- 
meson scattering. The parameters, i.e., the nonstrange and strange quark masses and the oscil- 
lator frequency, are chosen (see Table |2J) such that the radial excitations come out at 1.39, 1.77, 

Table 2: The relevant Nijmegen-model parameters from Ref. jU] (units are in GeV). 



OJ 


up /down mass (m n ) 


m s 


m c 


m b 


0.19 


0.406 


0.508 


1.562 


4.724 



2.15, 2.53, . . . GeV. In the (elastic) meson-meson scattering channel, we have chosen the meson 
masses at 0.14 GeV (pion) and 0.5 GeV (Kaon). The intensity of the coupling, parametrised by 
A, is varied. For A = 0.1 we are in the small-coupling limit (upper-left picture of Fig. Q), for 
which a sum of BW amplitudes works reasonably well. We also notice that, for A = 0.1, all peaks 
are near the energy levels of the pure harmonic oscillator. But as we increase the coupling, we 
observe that the cross section has structures which are not of a BW type. For A = 0.4, we see a 
dominant tructure at 0.8 GeV, which in a more realistic approach [HIE] can be identified with 
the ^q(800) resonance. From the results of Fig.0 we conclude that, for the description of strong 
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Figure 1: The cross section of elastic Kit scattering in the harmonic oscillator model for confine- 
ment, for various values of the coupling A. 

interactions, models are needed treating the binding forces and the transition interactions on an 
equal footing. Our proposal for elastic meson-meson scattering is to use the following expression 
for the partial- wave phase shift: 
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cotg(d<(p)) = 



^0 E (P) ~ E nic 

The details of this formula and its derivation can be found in Refs. |17[H%]. It expresses the 
fact that in strong hadronic decay all possible confinement states contribute to the scattering 
amplitude, through the factors Jntip) and N n t{p)i which are convolution integrals over all possible 
confinement excitations, the transition potential, and spherical Bessel resp. Neumann functions. 
In the limit of small coupling A, Eq. JTJ reduces to a BW form, with a dominant contribution 
from the nearest confinement state. 

At this stage we may formulate our definition of resonances. Structures like those depicted 
in Fig. n are related to complex-energy singularities in Eq. (fT|). Those for which a pole in the 
complex-energy plane (in the nearest Riemann sheet) can be identified are given by us the status 
of resonance. For small coupling (see Fig. ^ for A = 0.1), Eq. ((!} has poles near the confinement 
spectrum, close to the real axis and with small negative imaginary parts. However, poles can 
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be found, too, with very large (up to several GeVs) imaginary parts, though possibly having no 
measurable effect. The latter poles can be attributed the status of mathematical resonance, but 
they may be unobservable. Hence, whether or not we include them in our resonance list depends 
on the accuracy of measurement, not on their actual existence. For stronger coupling we see 
them showing up as genuine structures in the S'-wave cross section. Suddenly our spectrum has 
become richer than the original confinement spectrum. This is the realm of strong interactions! 

Expression (jl]). which is the exact solution of a simple dynamical model, is very compact and 
elegant. But the summations over the radial excitations of the confined system do not converge 
fast. Hence, for the numerical calculation of scattering quantities it is not suitable. A more 
practical method has been described in Ref. [TSJ. Nevertheless, because of its close contact with 
the physical situation, Eq. $1} is extremely transparent, and useful as a starting point for making 
approximations. 

For example, when we are studying a limited range of energies, we may restrict the summation 
to only the few terms near by in energy, characterised by E n i c in Eq. and approximate the 
remaining terms by a simple function of p, the relative meson-meson linear momentum. Notice, 
however, that the resulting expression is only of the type of a BW expansion if the strength 
of the transition, characterised by A, is small. For larger values of A, formula (Q) behaves very 
differently from BW expansions. 

Another in practice very useful approximation is inspired by the radial dependence of the 
transition potential, which was derived in Ref. [20] for meson-meson scattering in the cases 
J p = 0~, J p = 1~ , and J p = + . We find there that it is peaked at short distances. Moreover, 
if we also take into account that confinement wave functions must be of short range, we may 
just define a transition radius a and approximate the spatial integrals in Eq. (JTJ) by choosing a 
spherical delta shell 5(r — a) for the transition potential. Then we end up with the expression 

2a 4 X 2 fipj e {pa)n e (pa) £ iff^F 1 

°*s(«p)> "^WtP — • < 2) 

n=0 h \P) - &7d c 

This way we have pulled the p dependence outside the infinite summation over the radial con- 
finement spectrum, which makes it much easier to handle truncations, as now the rest term does 
not depend on p and may thus be chosen constant. 
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3 Open charm 



Our recent detailed analyses of scalar mesons have actually been performed in the approximation 
of formula (J2J). For DK elastic S-wave scattering, we adopt the same expression that has been 
used for Kit as described in Ref. ^H]. We only have to substitute the confinement masses of ds 
by those for cs, thereby using the parameters of Table El For the ground state of the J p = + cs 
confinement spectrum, the mass comes out at 2.545 GeV. The first radial excitation is then 380 
MeV (the model's level spacing) higher in mass. The summation over the higher radial excitations 
in Eq. (J2J) we approximate by a constant, normalised to 1. The relative couplings of the ground 
state and the first radial excitation to the DK channel are 1.0 and 0.2, respectively ^B]- Thus 
we obtain 

y l^( fl )l 2 _ L0 + °- 2 _ ! GeV 2 (3 ) 

E(p) - E nA E(p) -E, E(p) - Eh ' 1 ) 

where Eq = 2.545 and E\ = 2.925. For Eq. (J2J) with the substitution (j3*|) . and furthermore for 
the physical value of A (meaning the value that fits Kn elastic S-wave scattering from threshold 
up to 1.6 GeV |16j), we show the resulting elastic S'-wave DK cross section in Ref. [T7j. The 
corresponding pole positions in the complex-energy plane for the D* ground state and first 
radial excitation are shown in Ref. (T5J. These are found at 2.28 GeV and (2.78 — % 0.093) GeV, 
respectively . We find no structure in the cross section in the region around 2.55 GeV, where 
typical quark models predict J p = + cs states j2HH2], nor poles in the scattering amplitude. 
On the contrary, employing confinement plus unitarisation, we find structures in the cross section 
some 250 MeV below and 300-400 MeV above that energy, which explains the observation of the 
(likely) D* ground state below the DK threshold, and predicts for the first radial excitation a 
resonance somewhere between 2.8 and 3.0 GeV, with a width of roughly 100-200 MeV. We may 
also predict the scattering length for DK elastic S'-wave scattering. Keeping in mind that the 
J p = + cs ground state comes out a little bit too low in mass with our value of A, we estimate 
the theoretical error by varying A. For a conservative choice, we obtain for the scattering length 
in DK S wave a° DK = 5±l GeV" 1 . 
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4 Open beauty 



For J p = + systems containing one b quark, we may repeat the above-described procedure. 
We determine the ground-state masses of the uncoupled systems from the model parameters of 
Table 121 This results in 5.605, 5.707, and 6.761 GeV for bu/d, bs, and be, respectively. The first 
radial excitations lie 0.38 GeV higher. The remaining parameters a and A are kept the same as 
before, but now scaled with the reduced constituent qq mass fj, qq , in order to guarantee flavour 
invariance of the strong interactions [22]; i-e., 

O'xy \J^xy = constant and X xy ^/\i xy = constant , (4) 

where x and y represent the two flavours involved [2B] . The constants in Eq. Q are fixed by (2lj 
a us = 3.2 GeV -1 and X us = 0.75 GeV _3//2 for 5-wave Kn scattering. Henceforth, we shall quote 
for the parameters A and a their values scaled down to elastic Kir scattering. The actual values 
of A and a can, in each case, be obtained through Eq. (j4j) and Table El 
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Figure 2: a: Hypothetical pole movements for J p = + elastic scattering. We take Eq = 
5605 MeV and E\ = 5985 MeV; b: Details of the lower trajectory. 

In Fig. 121 we show how in our model the scattering poles move through the complex-energy 
plane for Bit elastic scattering, when the coupling is varied. For the lowest pole we obtain the 
very interesting result that the physical pole (for A = 0.75) ends up on top of the threshold. 
Within the accuracy of our model, this means that one has to expect in experiment either a 
virtual, or a real bound state, just below threshold. Only through an accurate measurement of 
the scattering length in the Bn S wave, the precise position can be obtained experimentally 

For higher energies, we only find poles at energies far above 5.6 GeV. This implies that we do 
not expect any resonance in the S wave below roughly 5.9 GeV, where the confinement spectrum 
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of bn has its first radial excitation. In our model we obtain two resonances, each some 200 MeV 
wide, and about 150 MeV apart. 

In Fig. El we depict similar pole trajectories, but now for BK and BD elastic scattering. We 




Figure 3: Hypothetical pole movements for J p = + BK (a) and BD (b) elastic scattering. We 
take E = 5707 MeV and E x = 6087 MeV for bs (a), and E = 6761 MeV and E x = 7141 MeV 
for be (b). 

find a -B* (5570) bound state below the BK threshold, which experimentally should show up 
as a narrow bu/d resonance. In the BD case we find a _B* (6490) bound state below threshold, 
which represents a bs bound state. Also here, nothing is found at 5.707 or 6.761 GeV, where 
the confinement spectrum has its ground states. Possible resonances above threshold and their 
widths can be read off from Fig. |3J We summarise these results in Table H3 

Table 3: Bound states and resonances for Bn, BK, and BD elastic S'-wave scattering, as read 
from Figs. 121 and 01 





ground state 


resonances 


qq 


mass (GeV) 


mass (GeV) 


width (GeV) 


bu/d 


at Bit threshold 


5.90 


0.2 






6.0 - 6.1 


0.2 


bs 


5.57 


6.0 - 6.05 


0.1 






6.2 


0.2 


be 


6.49 


7.0 - 7.05 


0.07 






7.18 


narrow 
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5 Who is who? 



On applying the flavour-independence relations (jlj) also to S'-wave DK scattering, we obtained 
an interesting result, which we shall report here. 

In our initial analysis [H^, we identified the D*j(2317) + meson with the lowest-lying extra 
pole, which stems from the background, whereas the higher resonance at about 2.9 GeV, with 
a width of some 150 MeV, was linked to the confinement ground state. However, if we choose 
for the delta-shell radius a its corrected flavour-independent value, then we find that the roles of 
these two poles get interchanged. 

This phenomenon is depicted in Fig. where, upon a very small variation in a, the pole 
trajectories interchange their physically relevant limiting points, which nevertheless change only 
very little themselves. As a consequence, we must conclude that the "identity" of a pole cannot 
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Figure 4: Pole movements for DK S'-wave scattering, with the flavour-invariant radius of the 
transition potential at the value 3.45 GeV -1 before crossing (trajectories marked with a), and 
3.40 GeV -1 after crossing (trajectories marked with b). The »s correspond to the new physical 
value of A. 

always be inferred with certainty. While in the small-coupling situation (see e.g. the A = 0.1 case 
in Fig. it is unquestionable which poles are to be associated with the confinement spectrum, for 
intermediate and large couplings one can always find other parameters in Eq. (Q) that, when varied 
simultaneously with the coupling, lead to an identity change. Since intermediate-size couplings 



11 



are typical for strong hadronic decay, one must conclude that such processes are inherently 
nonperturbative, and thus must be treated accordingly. 

We should mention, moreover, that the flavour-independence relation (j3J) mildly alters our 
previous results. The _D*j(2317) + pole now comes out at 2.32 GeV (actually very close to the 
experimental mass), instead of at the published value of 2.28 GeV. Furthermore, we find that 
the higher resonance shifts even more considerably. Here we obtain a width of some 400 MeV 
instead of 150 MeV, and a central mass around 2.8 GeV, roughly 100 MeV below the initially 
proposed value. 
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6 Summary and conclusions 



The main issue of this paper is schematically depicted in Fig. where we show how the various 
sectors of meson physics contribute to resonances in meson-meson scattering. Glue is proba- 
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Figure 5: The weight J of contributions to the dynamics of mesonic states, for different config- 
urations of qq pairs. 

bly dominant for the dynamics of meson- meson scattering. It provides confinement, contributes 
dominantly to the effective masses of the light quarks, and is also involved, though in a compli- 
cated and not entirely understood fashion, in the creation of quark-antiquark pairs with vacuum 
quantum numbers. The degrees of freedom of mesons are given by their qq content. Higher- 
order configurations of qq pairs mediate the transitions of a mesonic state to multi-meson states. 
Figure 03 also indicates schematically the origin of deformation of the confinement sector by the 
multi-meson sector, which results in mass shifts, resonance widths, extra resonances, and bound 
states. For all that, processes involving the creation of one or more qq pairs are generally strong, 
and should not be handled perturbatively. 

As to the spectroscopy of open-charm and open-beauty mesons, we predict several bound 
states and resonances in DK, Btc, BK, and BD S waves. 
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